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Amiloride derivatives induce apoptosis by depleting
ER Ca* stores in vascular endothelial cells
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Department of Cell Physiology and Metabolism, University of Geneva, Geneva, Switzerland, 2Department of Physiology,
Yonsei University Wonju College of Medicine, Wonju, Korea

Background and purpose: Amiloride derivatives are blockers of the Na*/H" exchanger (NHE) and at micromolar concentra-
tions have protective effects on cardiac and brain ischaemia/reperfusion injury but at higher concentrations also induce
apoptosis. Here, we aimed to elucidate the mechanism related to this cytotoxic action.

Experimental approach: We quantified the expression of genes associated with endoplasmic reticulum (ER) stress and
measured changes in luminal ER Ca?* concentration ([Ca*]e) with a ‘cameleon’ indicator, D1ER.

Key results: Amiloride derivatives induced apoptosis in vascular endothelial cells, an effect that increased at alkaline extracel-
lular pH. The potency order for cytotoxicity was 5-(N,N-hexamethylene)-amiloride (HMA) > 5-(N-methyl-N-isobutyl) amiloride
> 5-(N-ethyl-N-isopropyl) amiloride (EIPA) >> amiloride. HMA dose-dependently increased the transcription of the ER stress
genes GADD153 and GADD34 and rapidly depleted [Ca?*]er, mimicking the effects of the sarco/endoplasmic reticulum ATPase
(SERCA) inhibitor thapsigargin. The NHE1-specific inhibitor HOE 694 inhibited NHE activity by 87% but did not alter [Ca*]¢.
The decrease in [Ca*]i evoked by amiloride derivatives was also observed in Hela cells and was mirrored by an increase in
cytosolic Ca*" concentration.

Conclusions and implications: Amiloride derivatives disrupt ER and cytosolic Ca** homeostasis by a mechanism unrelated to
NHE inhibition, most likely by interfering with the activity of SERCA. We propose that ER Ca?* depletion and subsequent ER
stress provide a rationale framework for the apoptotic effects of amiloride derivatives.
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Introduction

Amiloride and a number of its derivatives are widely used as
blockers of the Na*/H* exchangers. Nine isotypes of the mam-
malian Na*/H* exchanger (NHE 1-9) have been identified
(Orlowski and Grinstein, 2004; Nakamura et al., 2005), with
NHE 1-5 located in the plasma membrane and NHE 6-9 in
intracellular organelles, such as endosomes or the Golgi
complex (Slepkov et al., 2007). NHE inhibitors protect against
ischaemia/reperfusion injury in the heart and brain
(Kitayama et al., 2001; Slepkov etal., 2007; Javadov et al.,
2008), and have been tested for their potential to reduce
damage during recovery from coronary artery occlusion (du
Toit and Opie, 1993; Bugge et al., 1996). NHE inhibitors are
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thought to protect brain cells from Ca** overload during rep-
erfusion, because NHE-mediated clearance of the ischaemic
acid load increases intracellular Na* concentration, driving
the Na*-Ca* exchanger (NCX) in the ‘reverse’ Ca** entry
mode (Tani and Neely, 1989). However, the role of NCX in
ischaemic brain injury is controversial, because the use of
different ischaemia models and the lack of truly specific NCX
inhibitors and activators has led to conflicting results, with
some studies showing that NCX activity is neuroprotective
and others neurodamaging (Jeffs etal.,, 2007). Similarly,
although animal studies clearly showed that NHE inhibition
protects against cardiac ischaemic injury, clinical trials with
the NHE1-specific inhibitors cariporide, eniporide and
zoniporide have provided rather disappointing data and even
revealed adverse effects of NHE inhibition (Avkiran et al.,
2008).

In contrast to their protective effects, amiloride derivatives
also elicit growth inhibition and apoptotic cell death in hepa-
tocytes (Suzuki and Tsukamoto, 2004), leukaemic cells (Rich
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et al., 2000), smooth muscle (Chen and O’Brien, 2003) and
neurons (Schneider et al.,, 2004). Based on these apoptotic
effects, amiloride analogues were proposed as potential thera-
peutic agents against metastasis and multi-drug resistant
cancers (Harguindey and Cragoe, 1992). Inhibition of Na*-
coupled H* efflux decreases intracellular pH (Counillon and
Pouyssegur, 2000), and the subsequent cytosolic acidification
can trigger apoptosis by promoting mitochondrial cyto-
chrome c release and caspase activation (Furlong et al., 1997;
Park et al., 1999; Matsuyama et al., 2000; Kristian et al., 2001).
Thus, acidification induced by NHE inhibition was suggested
to be the apoptogenic mechanism of amiloride derivatives
(Rich et al., 2000; Schneider et al., 2004). Conversely, the
characteristic cytosolic alkalinization of malignant tumour
cells is in part due to growth factors and oncogenes
up-regulating NHE expression (Reshkin et al., 2000; Cardone
et al., 2005). In addition, the cytotoxic effects of amiloride
have also been attributed to non-specific effects on the Na*/K*
ATPase (Renner etal., 1988), protein kinase C (Besterman
et al., 1985) and protein synthesis (L’Allemain et al., 1984).

The vascular endothelium forms a barrier between blood
and tissues, and endothelial cells are involved in many physi-
ological processes such as controlling vascular tone, tissue
growth and wound healing. However, as these cells are situ-
ated at the blood-tissue interface they are exposed to high
concentrations of circulating drugs, making them a vulner-
able target for the toxic side effects of therapeutic agents. In
this study, we demonstrate the pro-apoptotic effects of
amiloride derivatives such as 5-(N,N-hexamethylene)-
amiloride (HMA) in endothelial cells, at micromolar concen-
trations that are close to the concentrations required to
provide protection against ischaemia/reperfusion injury
(Meng et al., 1993). Amiloride derivatives depleted endoplas-
mic reticulum (ER) calcium stores and increased the transcrip-
tion of ER stress genes during apoptosis. We propose that ER
Ca? depletion and subsequent stress is an early and important
mechanism for the induction of apoptotic cell death by
amiloride derivatives.

Methods

Cell culture and transfection

Human umbilical endothelial cells (HUVECs) were cultured in
endothelial growth medium (EGM-2) and used between pas-
sages three to seven. Endothelial hybridoma EA.hy926 cells
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were cultured in Dulbecco’s modified eagle medium (DMEM)
(Ref no. 41965-039). HeLa cells were cultured in DMEM (Ref
no. 41090-028) as described previously (Jousset et al., 2007).
All cells were cultured at 37°C in a humidified incubator (95%
air-5% COy).

MTT analysis

Cell survival of HUVECs was determined using a 3-(4,
5-dimethylthiazolyl-2)-2, 5-diphenyl tetrazolium bromide
(MTT) colorimetric assay. HUVECs seeded on a 96-well plate
(10* cells per well) were treated with amiloride derivatives and
incubated for 24 h, followed by the addition of MTT (50 ug
per well). After further incubation for 2 h, culture medium
was discarded and 100 uL of dimethylsulphoxide (DMSO) was
subsequently added to each well. After the plate had been
shaken, absorbance of each well at 570 nm and 650 nm was
measured and subtracted (As;-Agso) by an enzyme-linked
immuno sorbent assay (ELISA) reader.

Flow cytometry

Human umbilical endothelial cells were harvested, washed
twice with phosphate-buffered saline (PBS) and suspended in
70% ethanol at 4°C for 2 h. Cells were then washed and
resuspended in 1 mL PBS, and treated with 5 ug propidium
iodide, 50 ug ribonuclease A and 0.1% triton X-100 under low
light and analysed for DNA content by flow cytometry. To
distinguish further apoptotic versus necrotic cell death, we
treated cells with FITC-labelled annexin-V and propidium
iodide (FITC apoptosis detection) as per the manufacturer’s
instruction, and cell labelling intensity was measured by flow
cytometry.

Quantitative reverse transcription-polymerase chain reaction
(RT-PCR) analysis

Total cellular RNA was isolated and purified from HUVECs
using the RNeasy mini kit. RT was performed with random
hexamers using reverse transcriptase. Oligonucleotide primers
specific for the genes of interest were designed by Bioneer
(Daejeon, Korea) based on human sequences from GenBank
(Table 1). Quantitative real-time PCR using SYBR Green PCR
Master mix was performed with an ABI PRISM 7900HT
sequence detection system according to the manufacturer’s
protocol. The amplification program was: activation of

Table 1 Primers for quantitative reverse transcription-polymerase chain reaction

Genes Sequence (5" to 3’) Position Product size (bp) Gene bank accession no.

GADD153 Sense aat cag agc tgg aac ctg ag 74-93 108 NM_004083
Antisense tct ctg cag ttg gat cag tc 181-162

GADD34 Sense tga gac ttc tgc ttc cac ac 1488-1507 107 NM_014330
Antisense cct cac tat cca cat cct ca 1594-1575

GRP78 (HSP70) Sense ctt atg gcc tgg ata aga gg 827-846 141 NM_005347
Antisense cac cca gat gag tat ctc ca 967-948

GP96 (GRP94) Sense gcc tag acc agt atg tgg aa 1673-1692 150 NM_003299
Antisense cca cag gtt ctg tga ggt aa 1822-1803

Cyclooxygenase-2 Sense gag cat cta cgg ttt gct gt 933-952 106 NM_000963
Antisense gca cat cgc ata ctc tgt tg 1038-1019
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AmpliTaq Gold at 95°C for 10 min, followed by 45 cycles of
three-step PCR with denaturation at 95°C for 30 s, annealing
at 60°C for 30s and extension at 72°C for 1 min. All
amplifications were followed by melting curve analysis. As an
endogenous control, B-actin was used to correct for potential
variation in RNA loading or efficiency of the amplification
reaction. The transcriptional levels were estimated and com-
pared using the equation of ‘24%“ (Livak and Schmittgen,
2001).

Calcium measurements

Ea.hy926 cells (1.5~2.0 x 10° cells) were plated on 25 mm
glass coverslips in 35 mm cultured dishes. One day post-
plating, Ea.hy926 cells were transfected with 2 ug of D1ER
plasmid (Palmer et al., 2004) and 3.5 pL Transfast 48 h before
ER Ca® concentration ([Ca*]wk) measurements. Cytosolic
calcium concentration ([Ca?];) was measured with the YC3.6
cameleon construct (Nagai et al., 2004). Experiments were
performed with HEPES-buffered solution (HBSS) containing
135 mmol-L™ NaCl, 3.6 mmol-L™ KCIl, 2 mmol-L™ NaHCO;3,
0.5 mmol-L'! NaH,PO,, 0.5 mmol-L'! MgSO,, 2 mmol-L™
CaCl,, 10 mmol-L™" HEPES, pH 7.4. Changes in [Ca*]w and
[Ca*]; were monitored at 37°C as previously described (Jousset
et al., 2007). Ratio image pairs (excited with 430 nm) were
acquired at 0.1~0.2 Hz to minimize phototoxicity.

HelLa cells were plated at 5-8 x 10* cells per well on 96-well
plates (Ref. no. 655090), and were transfected 24-48 h later
with Ca* probe (0.4 pg per well D1ER or YC3.6 plasmids) and
Lipofectamine 2000 (1.28 ug per well). Cells were washed
after 8~10 h transfection, and [Ca*]; and [Ca*']z;z were mea-
sured ~48 h later. Prior to experiments, culture medium was
replaced with 100 uL. HBSS, and the plate was placed in a
plate-reading microscope. Ratiometric image pairs were
acquired for the same 3~6 locations per well with a 20x
objective using CFP (Aex 435/25 nm, 465 nm dichroic, Aem
480/35 nm) and FRET (A 435/25 nm, 465 nm dichroic, Aem
535/40 nm) filter sets. After basal image pairs had been
acquired, 100 uL of inhibitor or thapsigargin (2x final concen-
tration) was added to each well, and images were collected at
~10 min intervals for =40 min. Custom algorithms were
created in MetaXpress software to define automatically cell
regions and remove background fluorescence. Using macros
in Excel, single-cell mean intensity fluorescence per image
(50~400 cells per well) was sorted and converted to ratio
values, excluding ratios more than mean = 2 x s.d.

Materials

Human umbilical endothelial cells were purchased from
Clonetics (Ref. no. CC-2617, Cambrex BioScience, Walkers-
ville, MD, USA); EGM-2, Bulletkit (Cambrex BioScience).
Endothelial hybridoma EA.hy926 cells were a kind gift from
Dr M. Frieden (University of Geneva, Switzerland). DMEM
(Ref. no. 41965-039 and no. 41090-028) and Lipofectamine
2000 were purchased from Invitrogen (Basel, Switzerland);
MTT and DMSO, Sigma (St. Louis, MO, USA); the ELISA
reader, Molecular Devices (Sunnyvale, CA, USA). The flow
cytometry used to analyse DNA content and FITC apoptosis
detection kit were obtained from BD bioscience (San Jose, CA,
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USA); the RNeasy mini kit, Qiagen (Valencia, CA, USA); the
random hexamers, Takara (Kyoto, Japan); reverse tran-
scriptase, Promega (Madison, WI, USA); SYBR Green PCR
Master mix and ABI PRISM 7900HT Sequence Detection
System, Applied Biosystems (Foster, CA, USA); Transfast,
Promega (Dubendorf, Switzerland). The 96-well plates (Ref.
no. 655090) were from Greiner Bio-one Vacuette (Schweiz
GmbH, St. Gallen, Switzerland); the plate-reading microscope
(Image Xpress micro) and the MetaXpress software, Molecular
Devices (Sunny Vale, CA, USA); macros in Excel, Microsoft
Corporation (Redmond, WA, USA).

Data analysis

The concentration-response curves and ECs, values were
obtained by using GraphPad Prism version 4.0 (GraphPad
Software, San Diego, CA, USA). Statistical significance was
determined using Student’s t-test, and P < 0.05 was considered
significant.

Results

Apoptotic cell death by amiloride derivatives

As shown in Figure 1A, HMA (10 umol-L™) elicited cytosolic
shrinkage and nuclear condensation of HUVECs. MTT assays
revealed dose-dependent cytotoxicity after a 24 h incubation
with amiloride derivatives in HUVECs (Figure 1B). The rank
order of potency was HMA (ICso 11.2 umol-L™?) > 5-(N-methyl-
N-isobutyl) amiloride (13.6 umol-L'") > 5-(N-ethyl-N-
isopropyl) amiloride (EIPA; 30.8 umol-L™") >> amiloride
(106 pmol-L™).

Cytosolic acidification by amiloride derivatives is known to
elicit cytotoxicity, which can be alleviated by maintaining
cells in alkaline extracellular medium (Schneider et al., 2004).
To test whether the cytotoxic effects of amiloride derivatives
were due to cytosolic acidification, we compared the cyto-
toxic effects of HMA at different extracellular pH (7.4~8.8).
Intriguingly, the cell death caused by HMA increased with
extracellular alkalinization, reducing cell survival by 40.2% at
7.4 but 74.6% and 91.7% at pH, 8.1 and 8.8 (Figure 1C).

We analysed the changes in cell cycle of HMA-treated
HUVECs by flow cytometry using propidium iodide to stain
nuclei after fixation and permeabilization. Compared with
vehicle (DMSO) application, HMA increased the proportion
of cells with sub-Go/G; ploidy from 4.5% of control cells to
16.3% at 10 umol-L! and 43.2% at 30 umol-L”! HMA
(Figure 2A). Consistent with these changes, the proportion of
cells in mitosis (G2/M phase) was decreased by HMA. The
HMA-induced increase in sub-Go/G; phase was attenuated by
the non-specific caspase inhibitor, z-VAD-fmk (100 pmol-L™).

To confirm that apoptosis was the mechanism of cell death,
we labelled cells with FITC apoptosis detection (Figure 2B).
Untreated control cells were not stained by either agent and
located in the lower left quadrant in Figure 2B. Conversely,
73.0% of cells treated with HMA for 24 h were labelled for
annexin-V and not propidium iodide (apoptotic cells, lower
right quadrant) with some cells also being labelled with pro-
pidium iodide indicating necrosis (upper right quadrant).
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Figure 1

Cytotoxic effects of amiloride derivatives on human umbilical endothelial cells (HUVECs). (A) Micrograph (x100) of control and

HMA-treated cells. HMA induced prominent cell shrinkage within 24 h. (B) Dose-response curves for cytotoxicity induced by 24 h of exposure
to amiloride and its derivatives, obtained using the MTT assay. (C) Effects of alkaline extracellular pH (pH,) on HMA-induced cytotoxicity,

evaluated by the MTT assay. Data are expressed as mean *
5-dimethylthiazolyl-2)-2, 5-diphenyl tetrazolium bromide.

s.e.mean (n = 6). HMA, 5-(N,N-hexamethylene)-amiloride; MTT, 3-(4,
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Figure 2 Changes in cell cycle and annexin-V positive cells by amiloride derivatives. (A) Cell cycle changes were measured using propidium
iodide staining and flow-cytometry analysis. Asterisk (*) shows the cell number of sub-Go/G; ploidy (apoptotic cells). (B) Cells were labelled with
FITC-Annexin V and propidium iodide, and analysed by flow cytometry. Apoptotic cells, located at lower right quadrant, were increased by the

exposure to HMA (30 umol-L™") for 24 h (73%), compared with those of control (11.3%). HMA, 5-(N,N-hexamethylene)-amiloride.

HMA-induced ER stress

Table S1 displays the micro-array data comparing the tran-
scriptional level of genes involved in apoptosis between
control and HMA-treated (10 umol-L™ for 24 h) HUVECs.
Several ER stress genes and cyclooxygenase-2 (COX-2) were
significantly up-regulated in HMA-treated HUVECs. We con-
firmed these findings by quantitative RT-PCR for ER stress
proteins and COX-2. Within 24 h, HMA greatly increased
the expression of COX-2 and the ER stress proteins
GADD153 and GADD34, which are known to be involved in
apoptosis induced by ER stress (Figure 3). In contrast, the
up-regulation of ER chaperone proteins including GRP78

and GRP94 was less prominent compared with that of pro-
apoptotic growth arrest and DNA damage-inducible (GADD)
proteins.

Depletion of ER Ca®* stores by HMA

Endoplasmic reticulum stress is induced by Ca*" depletion of
the ER, a condition pharmacologically achieved with thapsi-
gargin, an inhibitor of sarco/endoplasmic reticulum ATPase
(SERCA). To test the hypothesis that amiloride derivatives
caused depletion of ER Ca?" stores, we directly measured
[Ca®]w changes in endothelial hybridoma (EA.hy926) cells
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Figure 3 Expression levels of ER stress proteins following HMA treatment. Using quantitative real-time RT-PCR analysis, the transcriptional
levels of cyclooxygenase-2 (COX-2) and ER stress proteins (GADD153, GADD34, GRP94 and GRP78) were measured at 30 min, 4 h and 24 h
after the application of 10 umol-L™" (A) or 30 umol-L™" (B) HMA, and normalized to the expression level of the untreated group. Data are shown
as mean * s.e.mean of one to four experiments. ER, endoplasmic reticulum; HMA, 5-(N,N-hexamethylene)-amiloride; RT-PCR, reverse
transcription-polymerase chain reaction.
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Figure 4 Kinetics and extent of ER calcium depletion by amiloride derivatives. The luminal ER calcium concentration ([Ca?*]ez) was measured
in Ea.hy296 cells 48 h after transfection with the D1ER Ca?" probe. Changes in [Ca*']g: are expressed as D1ER ratios normalized to initial values.
(A) Averaged traces from individual experiments for [Ca*"]g-depletion by HMA (average of six cells), EIPA (six cells) and amiloride (eight cells).
Drug additions are: 30 umol-L”" and T 100 umol-L™" HMA, | 30 umol-L™" EIPA and 100 umol-L~" amiloride, ¥ 1 umol-L™" thapsigargin (TG).
(B) Average degree (top; i) and rate (bottom; ii) of [Ca®*]i depletion from protocols in panel (A). X-axis shows consecutive addition of
30 umol-L™" and 100 pmol-L™" of drug. Data are mean = s.e.mean for 12-25 cells in three to five independent experiments. *P < 0.05 for
1-sample t-test versus (top) 1 or (bottom) 0. (C) The rate of thapsigargin-mediated ER Ca?" depletion following treatment with amiloride
derivatives was proportional to the extent of ER depletion at the point of thapsigargin addition. [Ca®']e¢, ER Ca*" concentration; EIPA,
5-(N-ethyl-N-isopropyl) amiloride; ER, endoplasmic reticulum; HMA, 5-(N,N-hexamethylene)-amiloride.

using an ER-targeted Ca*" sensor, D1ER (Palmer et al., 2004). HMA induced a depletion of [Ca*] equivalent in amplitude
As shown in Figure 4, HMA dose-dependently decreased and kinetics to the maximal depletion evoked by complete
[Ca*]u, represented as the change in D1ER ratio normalized  inhibition of SERCA with thapsigargin (Figure 4B). Thapsigar-
to the initial value for the ratio. Remarkably, 100 umol-L™"  gin did not further decrease [Ca®"]s significantly when added
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after HMA (Figure S1A), demonstrating that HMA depleted
the thapsigargin-sensitive ER Ca*" pool. Likewise, HMA did
not decrease [Ca**];x when added after thapsigargin and the
two compounds did not have a synergistic effect when added
simultaneously (Figure S1), confirming that HMA and
thapsigargin mobilize the same Ca* pool. Amiloride and EIPA
also induced depletion of [Ca*]g, but to a lesser degree. The
extents and rates of ER depletion induced by HMA > EIPA >
amiloride (Figure 4B) were consistent with their rank order
potency of cytotoxicity (Figure 1B). As a more selective NHE1
inhibitor, we applied a benzoylguanidine, HOE-694. By mea-
suring the Na*-dependent changes in intracellular pH during
recovery from an acid load, we observed a marked inhibition
of NHE activity with HOE-694 (87% inhibition at 1 ymol-L™,
Figure S2) suggesting that NHE1 is the predominant isoform
in EA.hy296 cells. As shown in Figure 4B, however, a supra-
maximal concentration of HOE-694 (100 umol-L™) did not
significantly affect [Ca*]w, suggesting that the changes in
[Ca*]i elicited by HMA in endothelial cells are not mediated
by NHE1 inhibition. Addition of a lower dose of HMA
(10 umol-L™") evoked significant depletion of ER Ca*
(Figure S3). In this case, a subsequent addition of thapsigargin
caused further depletion of [Ca*], as observed with the less
potent amiloride derivatives (Figure 4A, arrowheads). This
thapsigargin-induced decrease reflected the Ca*" permeability
of the ER, the ‘Ca® leak’ normally balanced by active SERCA
pumping. Interestingly, the rates of thapsigargin-induced
depletion of [Ca*i were directly proportional to the level of
the remaining [Ca®]w in cells treated with HMA, EIPA or
amiloride (Figure 4C). This indicates that the Ca®* leak rates
were determined primarily by the Ca®* gradient, regardless of
the inhibitor used. HMA also increased the cytosolic Ca*
concentration ([Ca*];) in EA.hy926 cells (Figure S4), consis-
tent with Ca* release from thapsigargin-sensitive ER Ca®" pool
and subsequent activation of store-operated Ca?* influx.

To confirm that amiloride derivatives deplete ER Ca?" stores
in other mammalian cell types, we measured [Ca*]w and
[Ca®]; in HeLa cells with the probes D1ER and YCsg, respec-
tively, using a plate-reading microscope to obtain average data
from transfected cell populations. The average change in
[Ca*]; and [Ca*]ix was determined in cells exposed for
20~30 min to the inhibitors. It is noteworthy that this ‘end-
point’ analysis might fail to detect the transient changes in
[Ca®]; evoked by amiloride derivatives (Figure S4). This high
throughput image analysis revealed that, similar to endothe-
lial cells, HMA and EIPA caused detectable elevations in [Ca®'];
in HeLa cells (Figure SA). As in Ea.hy926 cells, HMA
(100 umol-L™") induced ~90% of the depletion of [Ca*]x
induced by thapsigargin in HeLa cells (Figure 5B). Amiloride
and EIPA had a tendency to reduce D1ER ratios, but their
effects were at the limit of detection in this system. These
results demonstrate that disruption of ER Ca** homeostasis by
amiloride derivatives is not restricted to endothelial cells.

Discussion
The ER is the major intracellular calcium store and the

organelle responsible for the synthesis and post-translational
modification of proteins. Disturbances of ER calcium homeo-
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Figure 5 High throughput analysis of the ER and cytosolic Ca®*
changes evoked by amiloride derivatives. Relative change in [Ca®'];
and [Ca*]e in Hela cells transfected with (A) YC3.6 or (B) D1ER on
separate halves of 96-well plates. Each condition was repeated in
duplicate and imaged in a 3~4 regions per well. Changes in ratio
were calculated after 20~30 min incubation with drug or DMSO and
the effect of DMSO was subtracted from the effect of each inhibitor.
Columns represent mean = s.d. from three independent experi-
ments; each performed in duplicate, and represents the average from
60~500 cells per condition. For each replicate, the maximum (YC3.6)
or minimum (D1ER) response at 20 or 30 min was taken. *P < 0.05 for
one-sample t-test versus 0. [Ca*]g, ER Ca?* concentration; [Ca?],
cytosolic calcium concentration; DMSO, dimethylsulphoxide; EIPA,
5-(N-ethyl-N-isopropyl) amiloride; HMA, 5-(N,N-hexamethylene)-
amiloride; TG, thapsigargin.

stasis cause accumulation of unfolded or misfolded proteins
in the ER lumen, leading to a variety of responses termed ‘ER
stress’ (Ferri and Kroemer, 2001; Patil and Walter, 2001). In
this study, we observed that amiloride derivatives, routinely
used as NHE inhibitors, depleted ER Ca®*" stores and
up-regulated pro-apoptotic ER stress genes in endothelial
cells. We propose that ER Ca*" depletion and subsequent acti-
vation of the ER stress pathway account for the apoptotic
effects of amiloride derivatives.

Among amiloride derivatives, HMA was the most potent
inducer of cytotoxicity in HUVECs and we thus focused on
this compound. HMA induced apoptotic cell death in our
hands, based on clear morphological evidence (massive
cytosol shrinkage, blebbing and chromatin condensation),
annexin-V labelling of phosphatidylserine and the attenua-
tion of cell killing by a common caspase inhibitor, z-VAD-
fmk. Paradoxically, we observed that HMA-induced apoptosis
was enhanced at alkaline extracellular pH, a condition that
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minimizes NHE activity (Slepkov et al., 2007). The apoptotic
effects of amiloride analogues observed in this condition thus
cannot be attributed to the intracellular acidification resulting
from NHE inhibition, as previously suggested (Rich etal.,
2000). In liver cells, apoptosis induced by NHE inhibitors is
associated with activation of JNK kinase (Suzuki and Tsuka-
moto, 2004) or with the inhibition of ERK kinase (Konstan-
tinidis et al., 2006). We did not detect significant changes in
mitogen-activated protein (MAP) kinase activation upon
exposure (1, 2 and 6 h) of HUVEC to 30 umol-L™" HMA (Fig-
ure S5), indicating that the apoptotic effects of amiloride
derivatives were independent of the MAP kinase pathway.

Cyclooxygenase-2 was the gene most markedly up-
regulated in our microarray screening assay of HUVECs
treated with HMA. COX-2 produces prostaglandin E, for auto-
crine or paracrine signalling, but unlike COX-1 that is ubig-
uitous and constitutively expressed, COX-2 is absent from
endothelial cells and white blood cells that have not been
exposed to noxious stimuli such as inflammatory cytokines
(Jones et al., 1993), lipopolysaccharide and phorbol myristate
acetate (Hla and Neilson, 1992). This suggests that HMA treat-
ment mimics the effects of noxious stimuli that induce
COX-2 expression in endothelial cells, potentially leading to
the generation of PGE, that might impact on the vascular
permeability in vivo.

Our first hint that the mechanism of apoptosis induced by
HMA involved the ER was the up-regulation of several ER
stress-related genes. Two GADD proteins were up-regulated
as well as two ER chaperones, GRP94 and GRP78/Bil.
Up-regulation of GADD proteins characterizes ER stress-
mediated apoptosis (Eymin etal., 1997; Zinszner etal.,
1998), while the up-regulation of chaperones indicates acti-
vation of the unfolded protein response (UPR), a controlled
transcriptional response induced by ER stress (Hamman
et al., 1998). Depletion of ER Ca?** stores with thapsigargin, a
well-characterized method to experimentally induce ER
stress-mediated apoptosis, induces a 20- to 200-fold up-
regulation of GADD34 and GADD153/CHOP (Mengesdorf
etal.,, 2001). The pronounced increases in the expression
levels of pro-apoptotic GADD34 and GADD153 induced by
HMA (30 umol-L™") were comparable to previously reported
increases observed with thapsigarin and were considerably
greater than the concomitant increases in expression of anti-
apoptotic chaperone proteins GRP78 and GRP94. These
findings strongly suggest that amiloride derivatives elicit suf-
ficient ER stress to evoke apoptosis, mimicking the effects of
thapsigargin. Direct [Ca®]; measurements confirmed that
amiloride and its derivatives caused ER depletion, and
revealed that the extent of cell killing by each drug was
closely associated with the extent of [Ca*]w depletion. Two
basic mechanisms can account for the decrease in [Ca®]ex
evoked by amiloride and its derivatives: a reduced pumping
activity by SERCA or an increase in the Ca® permeability of
the ER, the ‘Ca* leak’. To distinguish between these two
possibilities, we measured the ER Ca®* leak rates after adding
thapsigargin to inhibit fully SERCA. Regardless of the
amiloride derivative applied, the Ca?* leak rates were directly
proportional to [Ca*]w (Figure 4A). This indicates that the
Ca® leak was determined primarily by the trans-membrane
ER Ca* gradient, implying that the Ca*" permeability of the
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ER was similar in all conditions. The effects of amiloride
derivatives are thus best explained by an inhibition of
SERCA, rather than by alterations in the Ca® permeability of
the ER. Because Ca* pumping by P-type Ca®" ATPases is
coupled with proton antiport (Olesen etal.,, 2004), the
decrease in SERCA activity might reflect the accumulation of
cytosolic H* due to inhibition of plasmalemmal NHEs.
However, this mechanism is difficult to reconcile with (i) the
rapid effects of amiloride derivatives, which decreased
[Ca*],x immediately upon application; (ii) the different
potency of the three inhibitors, which induce a similar
acidification but depleted the ER to different extents; (iii)
the lack of significant [Ca*]w depletion evoked by a more
selective inhibitor (HOE-694) of NHE 1, a major isoform of
plasmalemmal NHE in endothelial cells (Zerbini et al., 1995);
and (iv) the increased cytotoxicity of HMA at alkaline pH, a
condition that favours cytosolic alkalinization. An alterna-
tive explanation for the latter effect is that alkaline extracel-
lular pH increases the membrane permeability of amiloride
derivatives by neutralizing the positive charge (pKa of 8.7)
on their pyrazine ring (Wakabayashi et al., 1997), enhancing
the binding of NHE inhibitors to intracellular target(s).
These observations suggest that the cytotoxic effects of
amiloride derivatives are not due to alterations in pH
homeostasis, but to the direct action of amiloride analogues
on molecules critical for the activity of SERCA and thus for
ER Ca** homeostasis.

In summary, we have shown that amiloride derivatives
decrease [Ca*']g and increase [Ca?']; in endothelial cells and in
HeLa cells. This disruption of Ca* homeostasis combined
with up-regulation of ER stress-related proteins provides
strong evidence that amiloride and its derivatives induce apo-
ptosis by depleting ER Ca** stores and activating the ER stress
response. Our observations provide a rationale framework for
the toxic effects of high concentrations of NHE inhibitors and
may account for the inhibition of angiogenesis (Alliegro et al.,
1993; Miternique-Grosse et al., 2006) and for the delayed neo-
vascularization (Sood et al., 1999) caused by amiloride and
other K*-sparing diuretics. Future studies are required to deter-
mine the target and the precise mechanism by which these
drugs deplete intracellular Ca?* stores.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 HMA and thapsigargin-induced ER Ca*" depletion.
Changes in [Ca®]w evoked by the sequential addition of
100 pmol-L* HMA and 1 umol-L™" thapsigargin (A, B), by
thapsigargin alone (C), and by the combination of both
agents (D) in Ea.hy296 cells. [Ca*]w is expressed as D1ER
ratios normalized to initial values, with mean * s.e.mean
superimposed. These data show that HMA and thapsigargin
mobilize the same Ca* pool. [Ca®']w, ER Ca* concentration;
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ER, endoplasmic reticulum; HMA, 5-(N,N-hexamethylene)-
amiloride.

Figure $2 Inhibition of Na'/H" exchange (NHE) activity by
HMA and HOE-694. The activity of NHE was measured in
Ea.hy296 cells using the pH-sensitive indicator BCECF. After
acid loading with ammonium chloride, Na*-dependent pH
recovery was measured before and after addition of
30 nmol-L™" HMA (A) or of the NHE1-specific inhibitor HOE-
694 (B). Note that, at this very low concentration, HMA also
preferentially inhibits the NHE1 isoform. HMA, 5-(N,N-
hexamethylene)-amiloride.

Figure $3 ER Ca* depletion during long-term exposure to
10 umol-L'! HMA. The effects of a low dose of HMA
(10 umol-L'Y) on [Ca*]w were measured for 50 min in
Ea.hy296 cells. [Ca*]y is expressed as D1ER ratio normalized
to initial values, with mean =* s.e.mean superimposed.
[Ca*]g, ER Ca®* concentration; ER, endoplasmic reticulum;
HMA, 5-(N,N-hexamethylene)-amiloride.

Figure S4 HMA increased cytosolic Ca*" ([Ca?*?;) concentra-
tion. [Ca*]; was measured in Ea.hy296 cells 48 h after trans-
fection with the YC3.6 probe. The effects of increasing
concentrations of HMA on [Ca*]; are shown. [Ca*];, cytosolic
calcium concentration; HMA, 5-(N,N-hexamethylene)-
amiloride.

Figure S5 HMA did not alter the signalling of mitogen-
activated protein (MAP) kinases. HUVECs were treated with
HMA 30 umol-L! for 0.5, 1, 2 and 6 h, and Western blotting
was performed using antibodies to MAP kinases (JNK, p38
kinase and ERK) and their phosphorylated form. HMA,
5-(N,N-hexamethylene)-amiloride; HUVECs, human umbili-
cal endothelial cells.

Table S$1 Microarray data in HMA-treated HUVECs
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